To examine the ability of P2X 2 to trigger action potentials in a pharmacologically accessible preparation in vivo, third-instar larvae expressing P2X 2 in cholinergic neurons were challenged with purine nucleotides while the membrane potential of an abdominal muscle fiber was recorded. In this experimental configuration, P2X 2 -mediated stimulation of cholinergic afferents is expected to trigger action potentials in glutamatergic motor neurons. These, in turn, will produce excitatory junction potentials (EJPs) in the recorded muscle.
In the absence of nucleotide, and indistinguishably in the presence of 200 M GTP, which lacks agonist activity on P2X 2 (Valera et al., 1994) , the membrane potential of the muscle fiber showed miniature EJPs (Figure 2A neurons (Hoang and Chiba, 2001) that generate coincident EJPs during electrical stimulation, the amplitudes al., 1998) to produce cytoplasmic Ca 2+ increases that of the ATP-triggered EJPs are consistent with synchrowere not coupled to voltage changes across the nized or unsynchronized spikes in one or both of these plasma membrane. Of the two phototrigger candidates, neurons. only P2X 2 is therefore in a position to trigger action po-ATP exerted its effect exclusively through P2X 2 : lartentials in Drosophila neurons. Because the fly genome vae lacking expression of the receptor transgene also lacks purinoceptor sequences (Littleton and Ganetzky, lacked responsiveness to the nucleotide ( Figure 2B ).
2000), photoreleased ATP is expected to act selectively
The comparison with control animals ( Figure 2B ) reon the genetically designated targets. Experiments prevealed that larvae expressing P2X 2 in cholinergic neusented below confirm this expectation. rons ( Figure 2A ) exhibited an w2.5-fold higher minature Flies carrying a GAL4-responsive UAS-P2X 2 transgene EJP (mEJP) frequency (mean ± SD = 5.7 ± 2.64 s −1 verwere prepared and crossed with the driver line Nrv2-sus 2.2 ± 1.85 s -1 in controls; n = 602 and 514, respec-GAL4, which directs P2X 2 expression throughout the tively; p < 0.001) and a higher average mEJP amplitude nervous system (Sun et al., 1999) . Development and be-(mean ± SD = 1.2 ± 0.65 mV versus 0.8 ± 0.32 mV in havior of flies of genotype Nrv2-GAL4:UAS-P2X 2 were controls; p < 0.001), possibly due to the more common indistinguishable from those of the parental strains, occurrence of composite events. We attribute the insuggesting that the ubiquitous expression of P2X 2 did creased mEJP rate, like the brevity of adult life disnot perturb neuronal function. In a few instances where cussed above, to the unusual strength of the choline P2X 2 was massively overexpressed, however, characacetyltransferase promoter (Yasuyama and Salvaterra, teristic defects-in all likelihood due to a current leak-1999), which causes the expression of high P2X 2 levels appeared. These defects ranged from subtle incoand, presumably, a small Ca 2+ current leak that could ordination in the case of the pan-neuronal driver line be remedied by titration of P2X 2 expression levels. elav-GAL4 (Lin and Goodman, 1994) to a striking but mysterious reduction in adult life span, without behav-"Command System" Control of Movement ioral deficits, in flies expressing P2X 2 under the control Invertebrates display a variety of stereotyped motor beof the choline acetyltransferase promoter (Yasuyama haviors thought to be controlled by small sets of neuand Salvaterra, 1999) in cholinergic neurons (mean surrons. The most clearly defined of these so-called "comvival time after eclosion = 2.58 ± 1.34 days, n = 329 ., 2000) , not desensitize appreciably, and that photoreleased ATP was quickly consumed or cleared from the exrespectively, were used to express P2X 2 in the GF neurons or their mono-and disynaptic targets in the thotracellular space. As expected for a photochemical key-and-lock mechanism, expression of P2X 2 and phoracic ganglion (the group consisting of TTMn, PSI, and DLMns; Figure 3) . Flies harboring the phototrigger in tolysis of caged ATP were required together for the successful reconstitution of GF-mediated behaviors (Figeither segment , 1999) . In addition, the enhancer element is active in eight peripheral sensory neurons of the hair plate, a 4D, groups 1a and 1b). These success rates were considerably higher than the frequencies of escape moveproprioceptive organ of the prothoracic leg (Trimarchi et al., 1999) . Because the hair plate lies outside the ments evoked by physiological stimuli in freely moving animals (34%-37%; Thomas and Wyman, 1984 The frequencies of (A) jumping, (B) wing opening, (C) wing flapping, and (D) lack of a response to illumination were quantified in ten groups of blind norpA 7 flies (groups 1a-4). Video recordings of photostimulation experiments were evaluated blindly, i.e., by an individual unfamiliar with the animals' experimental status. Flies exhibiting multiple forms of behavior (e.g., jumping followed by wing flapping) were scored in multiple categories. The characteristics of each experimental group are listed as bulleted entries in the legend on top. The column for group 1a, for example, indicates that flies in this group carry UAS-P2X 2 and GAL4-c17 transgenes (to direct P2X 2 expression in the giant fiber [GF] neurons, see Figure 3 ), and that they have been microinjected with caged ATP. The ten experimental groups fall into four broad categories: an experimental set (category 1) and three sets of control groups (categories 2-4). Flies in category 1 express the UAS-P2X 2 transgene in the giant fiber system, i.e., the GF neurons proper (GAL4-c17; subcategory 1a) or the TTMn-PSIDLMns neurons (shakB-GAL4; subcategory 1b). Flies in category 2 express the UAS-P2X 2 transgene either in small groups of neurons outside the GF system (GAL4-c217 and GAL4-c370; subcategories 2a and 2b, respectively) or in all cholinergic neurons (Cha-GAL4, subcategory 2c). Flies in category 3 do not express P2X 2 because they lack either the UAS-P2X 2 responder (subcategories 3a, 3b, and 3c) or a GAL4 driver transgene (subcategory 3d). Flies in category 4 express the UAS-P2X 2 transgene in GF neurons (GAL4-c17) but have been injected with artificial hemolymph lacking caged ATP. nated targets. To establish that the phototrigger had to in the Drosophila CNS (Buchner, 1991; Yasuyama and Salvaterra, 1999). Photostimulation of this extensive be located within the GF system to activate the circuit, P2X 2 was expressed in two small groups of neurons neuronal population caused convulsions that led to paralysis (Movie S3) rather than defined, coordinated beoutside the GF system, using driver lines GAL4-c217 and GAL4-c370. To demonstrate that the light-induced behaviors flew spontaneously, suggesting that the neural circuits for flight are visually gated, flight could be initiated efwere due to the targeted activation of a specific circuit rather than indiscriminate neuronal excitation, the fectively by direct photostimulation of the GF system ( Figures 3B and 4 , groups 1a and 1b, and Movie S2). driver line Cha-GAL4 (Yasuyama and Salvaterra, 1999) was used to place the phototrigger in all cholinergic
The successful reconstitution of flight in blind animals indicated that artificial neural signals could be neurons, the most abundant class of excitatory neurons Figure 3B and Movie S2) suf-P2X 2 in dopaminergic neurons were observed in a cyfice to elicit ordered sequences of behaviors in unlindrical quartz glass arena (diameter 25 mm, height 3 restrained flies: jumping followed by wing opening mm). Because the size of the arena prohibited wholefollowed by wing beating and, where physically posfield illumination with adequate intensity, an automated sible, flight ( Figure 3D ). The fact that episodes of wing video tracking system was designed that used the rebeating and flight far outlast the GF stimulus (Figure 3 corded coordinates of the fly as control signals for two and Movie S4) implies a control mechanism in which galvanometric mirrors, creating a feedback loop that the GF system, rather than issuing a continuous score maintained a stable lock of the stimulating laser beam of motor commands, sets autonomous thoracic oscillaon its freely moving target. The beam was expanded to tors Selverston and Moulins, 1985) illuminate an elliptical spot of w6 by 3 mm and attenuin motion that generate the motor patterns necessary ated to deliver 17 mW mm −2 of optical power. for wing movement independent of sustained GF input.
Before stimulation of dopaminergic transmission, Rhythmic flight could also be activated by direct phoflies of genotype TH-GAL4:UAS-P2X 2 behaved in a tostimulation of a neuronal element intrinsic to the thomanner indistinguishable from that of the parental conracic oscillator, i.e., the DLMn motor neurons innervattrol strains. The majority of animals (68%, n = 40) traving the flight muscles ( Figures 3A and 3D 
